When high-speed trains pass through tunnels, especially in two trains crossing condition, it causes severe pressure fluctuations. The pressure fluctuations entered into the coaches may make passengers to suffer from aural discomfort. In addition, the internal and external pressure wave will also bring fatigue damage to vehicle body and parts. Although we can avoid the tunnel crossing case through traffic planning and operation, but in the line with large number of long tunnels or in the busy main line, the tunnel crossing case is an inevitable problem. Therefore, it is useful to accurately predict the pressure wave in railway tunnel caused by two crossing trains.
INTRODUCTION
With the speed up of high-speed train, there is serious aerodynamic problems [1, 2] , especially in tunnel condition. Severe pressure fluctuations will generate in the tunnel when high-speed trains pass through. The pressure fluctuations transported to the _______________________ inside of the coaches may cause aural discomfort to the passengers. And the aerodynamic load, which comes from the internal and external pressure change, may cause the train body's fatigue. Therefore, it is necessary to study the pressure fluctuation characteristics caused by high-speed trains passing tunnels, especially in two trains crossing case.
In European TRANSAERO project, Mancini G [ 3 ] et al. had measured the pressure change caused by ETR 500 in Terranuova Le Ville tunnel. W.B. Ma [4] et al. said that their two crossing trains' speed in their full-scale test had reached to 380km/h, and the deviation error of cross position is less than 50m. The advantage of full-scale test is that we can get the most realistic pressure fluctuations. But the significant disadvantage is the large cost in time and money, and also its sensitivity to the environment. While, the reduced-scale moving model test can easily carry out at the product design stage, but the disadvantage is the limitation of the length of test region and the difficulty to crossing at the expected location.
The airflow caused by a train passing through a tunnel is three-dimensional, compressible, unsteady, and turbulent flow. But the hardware status nowadays is difficult to meet the requirements at the product design stage, in which the engineers are required to quickly study the various effect [5, 6] . Researchers in China have carried out a lot of work. Liu T. H. [7] calculated the transient pressure that are caused by a single train moving through a double-track tunnel or two trains passing each other in a tunnel, using compressible, unsteady and sliding meshing technologies. While the tunnel length is limited to 500m, and the train length is 76.4m. Xiao-Dong Chen [8] et al. studied the pressure wave caused by two trains crossing in a tunnel of 700m length, found that the fluctuation amplitude of the surface pressure on the head car with a 4 m nose is 1.63 times that of a head car with a 12 m nose. Using moving mesh techniques of arbitrary sliding interface, Yuan-Gui Mei [9] et al. study the pressure fluctuation in railway tunnel caused by two 4-car grouped train crossing in the middle of a 114m length tunnel with a reduced scale of 1:10. A two-dimensional model is adopted by Guowei Yang [10] et al. to studied the critical tunnel length when two 16-car grouped trains cross in the middle of the tunnel. It can be found that when the 3-D flow model is used, the tunnel length and train length are both limited.
The tunnel length is always much longer than the hydraulic diameter of the tunnel cross section when the length of tunnel is longer than 500 m. More important, the three-dimensional flow can be simplified as one-dimensional flow in most of the tunnel. The 1-D flow model provide a fast way for us to solve the pressure change in the tunnel. .Vardy A.E. [11] , Pope C.W. [12] and Sockel H. [13] et al. have done lots of work in predicting the pressure wave in tunnel. Yuangui Mei introduces the 1-D flow model and its numerical method in predicting the pressure wave caused by two trains crossing in the tunnel. [ 14 , 15 ] .
After the introduction of the mathematic model describing the pressure wave caused by two trains crossing and its numerical method. A new high-speed EMU in China is taken as an example to study the effect of tunnel length, train speed and length on the peak value of pressure change on the train. The 2 results can be used as basic aerodynamic load for fatigue design of the body and components of high-speed train.
1-D FLOW MODEL
There are 4 typical 1-D flow models used in predicting the pressure wave in railway tunnel.
1) Constant density, finite speed-of-sound unsteady flow model [16] ; 2) Compressible unsteady homentropic flow model [17] ; 3) Compressible unsteady homentropic flow model with frictional effect [11, 18] ; 4) Compressible unsteady non-homentropic flow model [12, 13, 19, 20] .
Based on the 1-D compressible unsteady non-homentropic flow theory, the equations of continuity, momentum, and energy are used rigorously in Model 4). The irreversible elements such as the friction between the train and the air and the tunnel and the air and heat transfer and also the mass transfer between annulus and interior space of the coaches caused by pressure difference, are all taken into account in this model.
Basic equations
The equations of one-dimensional, compressible, unsteady, and non-homentropic flow model is introduced below. The plain tunnel without airshaft et al. is considered. The tunnel is without gradient change, and the cross-sectional area is constant. The friction and heat transfer between the train and the air, and the tunnel and the air is considered in the model, while the coaches is thought to be absolutely sealed and there is no mass transfer (addition or extraction) between the exterior and the interior of the coaches. In addition, air in the tunnel is modeled as a perfect gas. The control equations of the 1-D flow model are as follows [20] :
where, u, ρ , p and κ are the velocity, density, pressure and specific heat ratio of air, respectively. g and a are gravity acceleration and speed of sound, respectively. w , G and q are work expression, friction term and heat transfer term, respectively. t is time.
The details of w , G , q and boundary conditions can be found in [20] .
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Numerical method
Eqns 1-3 form first-order quasi-linear hyperbolic partial differential equations, which can be solved with the method of characteristics. The method of characteristics of generalized Riemann variables adopted in this paper is one of the inverse marching methods. According to such method, the equations above are firstly transferred into characteristic equations in dimensional terms of flow velocity, pressure and density. Then they are transferred into non-dimensional form by the non-dimensional generalized Riemann variables λ and β, and non-dimensional A A which denotes the entropy of air particle. Eqns (1)1-3 above are considered in the coordinate system which is fixed to the earth. If the control equations of annulus is deduced in coordinate system fixed on the moving train, Eqns (1)1-3 must be rewritten. The corresponding direction conditions and characteristic equations can be derived after. The detail can be found in [20] .
Validation of the numerical method
The numerical code is validated by its scale-model test. [21] .
The test rig is 1:20 scaled. In the test, the tunnel length, train length and train speed is 12.4m, 3.75m and 350km/h for single train passing, while the train speed is 300km/h for two trains crossing. The pressure excursion at 2.4 m from train nose wave caused by single train passes through the tunnel and two trains cross in the tunnel are compared respectively in Figure 1 . As shown in Figure 1 , the simulation results obtained by our computer programs agree with the experimental results. The error of the maximum positive pressure change is 36.4%, and the error of maximum negative pressure change is 11.6% in Figure 1(a) . And the error is 1.3% and 7.8%, respectively. The error may be caused by the difference of empirical coefficient used in the program. Figure 2 shows the external pressure fluctuations at train nose, which is generated by two 8-cars grouped trains crossing in the middle of a 1500m tunnel with the speed of 350km/h. The parameters of the train and tunnel below is the same until special illustration. The superimposing of the compress wave and expansion wave generated by the two trains made the pressure fluctuations severer than that of single train case. The Δp max+ and Δp max-is 0.81 kPa and -3.21 kPa, respectively in single train passing case. And they increase to 1.83 kPa and -7.05 kPa, with the increase percentage 126% and 120%. Figure 3 shows the effect of time interval of two trains entry. For time interval t = 0 s, 10.3 s and 13.9 s, the two trains crossing at the position 750m (the middle), 1000m and 1350m away from the entry. Easy to see, the middle crossing is the worst status. Figure 4 shows the ratio of maximum pressure change of the two case, and it can be found that the ratio decrease with tunnel length. The ratio for maximum positive pressure change of train nose is about 2.0-3.5, and for maximum negative pressure change of train tail is about 1.25-2.25. Figure 5 shows the effect of train speed on the maximum external pressure change when two trains cross in tunnel with 6 different length. It can be found that, for one of the tunnel, the maximum external pressure change increase with the train speed. The maximum positive pressure change at train nose in the 600m and 1175m tunnel is significantly higher than other tunnels. It's because that the external pressure change is the superposition of compression wave in the moment which the pressure is not reduced yet by the expansion wave in the short tunnels. If fit the curves in Figure 5 using Δp ~ aV tr n , a = 1.0×10 -5 , n = 2 and R 2 =0.9832 for the maximum positive pressure change at train nose, and a = 4.9×10 -6 , n = 2.5 and R 2 =0.9916 for the maximum negative pressure change at train tail. Figure 6 shows the effect of tunnel length on the maximum pressure change. We found that the maximum pressure change decrease sharply in short tunnel range. When the tunnel length larger than L c = 2 km at 350km/h condition, the decrease slows down. The L c increase with the train speed. It is obvious that the pressure change is higher at 600m tunnel. After numerical simulation at tunnel length range from 500 to 2000m, for 8-cars grouped trains crossing in the middle of tunnel, the critical tunnel length based on the maximum negative pressure change at train tail with speed of 250, 300, 350 and 380km/h is 1500, 1120, 840m and 720m. Figure 7 compares the external pressure time history of the 8-cars grouped trains and 16-cars grouped train. The main difference is that the peak pressure change and the corresponding time. Figure 8 
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CONCLUSION
The result of moving scale-model rigs test further confirm that the method of characteristics of Riemann variables based on 1-D, compressible, unsteady, and nonhomentropic flow model can be used in predicating the pressure wave caused by two trains crossing in tunnel. Based on one of a new typical EMU in China, the effect of train speed, tunnel and train length on the peaks of pressure excursion outside the carriage is investigated. It shows that, two trains meeting at the middle of the tunnel is the worst. The relation max n tr p aV  can be easily found between maximum pressure change and train speed, in which the index n is 2 for positive pressure change and 2.5 for negative pressure change. When 16-cars grouped trains are adopted, it's important to see that the external pressure fluctuation is severer than the 8-cars grouped trains in some conditions. For example, the maximum external pressure change at train nose of 16-cars grouped train is 2.71 times of the 8-cars case, and it's 1.38 times for the maximum external pressure change at train tail. The numerical simulation shows that, for 8-cars grouped trains crossing in the middle of tunnel, the critical tunnel length based on the maximum negative pressure change at train tail with speed of 250, 300, 350 and 380km/h is about 1500, 1120, 840 and 720m. In summary, the 1-D flow model and the numerical method can be used as a 
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Crossing fast and efficient tool in predicting the pressure wave in railway tunnel generated by two crossing trains. And the result can be used as preliminary aerodynamic data in the design stage.
